Abstract NKTR-181, a new molecular entity, mu-opioid receptor agonist with an inherently slow rate of central nervous system (CNS) entry, was designed to provide analgesia while reducing abuse potential. This phase 3, enriched-enrollment, randomizedwithdrawal trial evaluated the analgesic efficacy, safety, and tolerability of NKTR-181 in patients with chronic low-back pain (CLBP). Adults with moderate-to-severe CLBP refractory to nonopioid analgesics achieving an analgesic NKTR-181 dosage (100-400 mg twice daily) during the open-label titration period were randomized to continued NKTR-181 treatment, doubleblind, or switched to placebo. The study was conducted at 55 sites in the United States. Of 1189 patients exposed to NKTR-181 during the titration period, 610 were randomized to NKTR-181 100 to 400 mg every 12 hours or placebo for 12 weeks. The primary outcome measure was change in weekly pain score (scale, 0-10) at 12 weeks from randomization baseline. Secondary outcome measures included responder rates defined by $30% and $50% improvement in pain score from screening to 12 weeks. Among 610 randomized patients, the mean pain score decreased from 6.73 to 2.32 during open-label titration. After randomization, the least-squares mean change in pain score was 10.92 for NKTR-181 vs 11.46 for placebo (P 5 0.002). The $30%-improvement responder rate of NKTR-181 vs placebo was 71.2% vs 57.1% (P , 0.001), and the $50%-improvement responder rate was 51.1% vs 37.9% (P 5 0.001). NKTR-181 was well tolerated with a low incidence (,3%) of CNS-related adverse events during the randomized treatment phase. In patients with moderate-to-severe CLBP, NKTR-181 demonstrated significant analgesic efficacy and a favorable safety/tolerability profile, with a low incidence of CNS adverse events.
Introduction
Opioid analgesics can be an effective treatment for select patients with severe chronic low-back pain (CLBP). 5, 10 However, complications related to opioid tolerability, overdose, diversion, abuse liability, and a lack of long-term randomized controlled efficacy data limit the utility of this drug class. 3, 6, 8, 28 In the United States, deaths linked to opioid overdose have increased dramatically since 2000. 28 In the 12-month period ending in June 2017, 67,000 deaths were related to opioid use, 21 and in 2016, it was the leading cause of death for people under the age of 50. 29 In 2011, total health care costs associated with opioid abuse and misuse were estimated to exceed $50 billion annually. 15 The US Food and Drug Administration (FDA) considers the development of abuse-deterrent formulations to be a high public-health priority. 2 Currently, marketed products combine a conventional opioid with an opioid antagonist, or they are reformulated with tamper-resistant properties. 7 These strategies have been unsuccessful, and opioid misuse and abuse continues to be a public-health crisis. 32 Research shows that opioid pharmacokinetics significantly affects tolerability, complications related to overdose, and opioid misuse and abuse. Conventional opioids quickly enter the central nervous system (CNS), which allows for rapid mu-opioid receptor occupancy. 1, 18, 33 Spikes in striatal dopamine produced by rapid influx of opioids into the CNS are associated with euphoria, positive reinforcement, and drug-seeking behavior. 16, 34, 35 NKTR-181, a new molecular entity, is a full mu-opioid receptor agonist designed to have a relatively slow rate of CNS entry when compared with conventional opioids. This property is inherent to the molecular structure of NKTR-181. 12, 19 After oral administration, maximum plasma NKTR-181 concentration occurs approximately 3 hours after dose, and the elimination half-life is about 14 hours. 36, 37 Delayed CNS receptor binding is expected to attenuate the rapid euphoria associated with conventional opioids, while long duration of exposure permits sustained receptor occupancy for prolonged pain relief. In animal models, NKTR-181 produced analgesia comparable with that of oxycodone but differed significantly from oxycodone in its reduced abuse potential. 19 Reduced abuse potential was also observed in a recent Human Abuse Potential study of recreational opioid users, in which peak subject-reported drug-high and drug-liking scores for NKTR-181 administered as single doses of 100 to 400 mg were significantly lower than those for oxycodone (40 mg). 38 SUMMIT-07, a phase 3, enriched-enrollment, randomizedwithdrawal (EERW), multicenter clinical trial, was conducted to evaluate the analgesic efficacy, safety, and tolerability of NKTR-181 in patients with CLBP.
Methods

Study design and oversight
The study included a #3-week screening period (prescreening analgesics were discontinued $7 days before the open-label titration period), a 3-to 7-week open-label titration period, and a 12-week, double-blind, randomized treatment period, followed by a 1-week study-drug taper and a follow-up safety visit approximately 2 weeks after each patient's final study-drug dose (Fig. 1) .
Patients that met the inclusion criteria entered into the openlabel titration period, and NKTR-181 was initiated in all patients at 100 mg twice daily, to be taken orally for 1 week. For patients tolerating treatment, titration to a dose providing adequate analgesia and acceptable side-effect profile proceeded in increments of 100 mg/dose. Dose increases occurred at weekly intervals to a maximum of 400 mg twice daily.
Adequate efficacy was defined as a weekly 7-day average pain score #4, with daily scores #4 on at least 5 of the 7 days, and rescue medication on no more than 2 days. Additional efficacy criteria included a $2-point decrease in the patient's weekly pain score compared with the end of the screening phase. Patients achieving these criteria were randomized in a 1:1 ratio to either continue their NKTR-181 treatment at the patient's effective and tolerated dose or switch to placebo. To preserve double blinding during randomized treatment, study drug was dosed as indistinguishable tablets (2 tablets per dose) in identical blister packaging.
Until randomized treatment, rescue pain medication was permitted as acetaminophen 500-mg tablets at #6 tablets/day. For the first 2 weeks of randomized treatment, rescue medication was permitted as hydrocodone/acetaminophen 5-/300-mg tablets at #2 tablets/day to alleviate any withdrawal systems caused by stopping the active drug. After 2 weeks, rescue medication was permitted as acetaminophen at #1000 mg/day.
The study was conducted in accordance with the Declaration of Helsinki, FDA regulations, and Good Clinical Practice principles of the International Conference on Harmonisation. All study participants provided written informed consent. Before patient enrollment, the study protocol was approved by central and local ethics committees. The study is registered at ClinicalTrials.gov Identifier: NCT02362672.
Role of the funding source
The study was initiated and funded by Nektar Therapeutics (San Francisco, CA). Nektar Therapeutics was involved in the design, conduct, and reporting of the study. All authors made substantial contributions to the manuscript content and provided final approval of the decision to submit the manuscript for publication.
Study participants
All enrolled patients were adults, aged 18 to 75 years, with a clinical diagnosis of moderate-to-severe chronic, nonneuropathic low-back pain of $6-month duration, consistent with Quebec Task Force Classification for Spinal Disorders grade 1 or 2, 9 for whom nonopioid analgesic treatment had been inadequate. Patients taking short-acting opioids at #10 mg/day of morphine-sulfate equivalents during the 14 days before the screening period were classified as "opioid naive" per the study protocol and were eligible to participate, but use of these medications was prohibited during the study. During the last week of screening, each patient's pain-intensity scores, recorded once daily on an eleven-point (0-10) numerical rating scale, were required to average 5 to 9 and to include values within this range on at least 5 days. Patients were excluded for any history of low-back surgery or substance or alcohol abuse within the previous year, or physical therapy within the month before enrollment. Patients were also excluded if they had symptoms of opioid withdrawal during screening, as identified by a score .12 on the Clinical Opiate Withdrawal Scale (COWS). 39 
Efficacy assessments
The study's primary efficacy outcome measure was change in weekly (ie, 7-day average) pain score at the end of double-blind, randomized treatment, compared with the weekly score at the end of titration (double-blind baseline). For this purpose, patients provided once-daily pain scores on the numerical rating scale. Individual pain scores were captured around the same time each day, with reference to the previous 24 hours ("average daily pain"), unless the patient required rescue medication, in which case the score pertained to the patient's current pain ("pain now").
Secondary outcome measures included responder rates, expressed as percentages of patients with week-12 pain scores $30% and $50% lower than their scores at the end of screening and the percentages with week-12 self-ratings of "better" or "a great deal better" on the Patient Global Impression of Change (PGIC) scale 22 at week 12. Secondary measures also included changes in scores on the Medical Outcomes Study Sleep Scale-Revised, 40 and the Roland-Morris Disability Questionnaire (RMDQ), 26 which patients completed at screening, doubleblind baseline, and weeks 6 and 12.
Safety assessments
Assessments of study-drug safety and tolerability included the type, frequency, seriousness, and severity of adverse events (AEs), as coded by preferred term using the Medical Dictionary for Regulatory Activities version 17.1. Safety assessments also included vital signs, electrocardiographic findings, and clinical laboratory tests. Opioid withdrawal was assessed by COWS and by the Subjective Opiate Withdrawal Scale.
14 Aberrant drug behavior was assessed using the Misuse, Abuse, and Diversion Drug Event Reporting System (MADDERS). 30, 31 Suicidal ideation was assessed using the Columbia-Suicide Severity Rating Scale. 24 
Statistical analysis
A total of 416 randomized subjects were planned, along with an interim analysis of the primary endpoint for potential sample-size adjustment that was to be conducted by an independent group when 50% of patients completed the study. The sample size was increased to the protocol-mandated 600 based on the interim evaluation.
The primary endpoint was tested for a statistically significant difference between NKTR-181 and placebo in the intention-totreat (ITT) population (defined as all randomized patients) by an analysis of covariance model with treatment group as a fixed effect and baseline pain score as a covariate. Missing scores were substituted through multiple imputation using the imputation rules: the screening score for patients who discontinued due to AEs, the baseline score for patients who discontinued due to opioid-withdrawal symptoms, the last mean carried forward for patients who discontinued due to lack of efficacy, and Markov Chain Monte Carlo (MCMC) methods assuming nonmonotone missing for all other cases. Change in pain score was also tested among patients who completed 12 weeks of randomized treatment. Proportions of pain score and PGIC responders were evaluated by the chi-square test. Safety and tolerability data were summarized descriptively in the safety population (defined as all study-drug recipients).
Results
Study participants
Of 1189 patients exposed to NKTR-181 during the titration period, 610 were randomized at 55 study sites in the United States. Reasons for withdrawal during the titration period are detailed in the CONSORT diagram (Fig. 2) them, 309 patients were randomized to NKTR-181 and 301 to placebo. Of the patients randomized to NKTR-181, 2% received 100 mg, 20% received 200 mg, 28% received 300 mg, and 50% received 400 mg twice daily, and the average dose was 324.6 mg twice daily during randomization. Baseline characteristics showed no differences between the NKTR-181 group and the placebo group (Table 1) , or between NKTR-181 dosage subgroups (data not shown). In both groups, 83% of patients completed 12 weeks of treatment.
Efficacy
During the titration period, the mean weekly pain score in the ITT population decreased from 6.73 at screening to 2.32 at double-blind baseline. From randomization baseline to the end of treatment, the score in the ITT population increased by a least-squares mean (6SE) of 1.46 6 0.11 points in the placebo group compared with 0.92 6 0.11 points in the NKTR-181 group. The difference between groups (primary efficacy analysis) was a significantly greater maintenance of pain reduction among patients continuing to take NKTR-181 than among patients switched to placebo (treatment difference, 0.55; 95% confidence interval [CI], 0.23-0.86; P 5 0.002). Among 12-week completers, maintenance of pain reduction was also significantly greater in the NKTR-181 group (treatment difference, 0.69; 95% CI, 0.40-0.98; P , 0.001). The time course of mean weekly pain scores during treatment is displayed by treatment group in Figure 3A . Maintenance of pain reduction was significantly greater in the NKTR-181 group than in the placebo group at week 1 and in all subsequent weeks (P , 0.001).
The distribution of percent reduction in pain score at 12 weeks is presented in Figure 3B . A reduction $30% was reported by 71.2% of the NKTR-181 group vs 57.1% of the placebo group (P , 0.001), and a reduction $50% by 51.1% vs 37.9% of the 2 respective groups (P 5 0.001). Among other secondary outcome measures (Table 2) , the percentage of patients rating themselves on the PGIC as "better" or "a great deal better" at week 12 was significantly greater for NKTR-181 than for placebo (51.5% vs 33.2%, respectively; P , 0.001). On the Medical Outcomes Study Sleep Scale, treatment effects at week 12 showed reduced sleep disturbance (P , 0.001), reduced sleep problems (P , 0.001), and improved sleep adequacy (P 5 0.002) in the NKTR-181 group, compared with placebo. The Roland-Morris Disability Questionnaire total score at week 12 was not statistically different between groups at a significance level of 0.05 (24.2 NKT-181 vs 23.3 placebo, respectively; P 5 0.061). When comparing rescue medication use during the titration period vs the randomized treatment period of the patients that were randomized to NKTR-181 or placebo, rescue medication use was similar between the NKTR-181 group and the placebo group during the titration period (0.429 vs 0.495 occasions per day, respectively), while the mean use of rescue medication was lower for subjects in the NKTR-181 group compared with the placebo group during the randomized treatment period (0.316 vs 0.484 occasions per day, respectively). Table 1 Patients' characteristics by study period and treatment group (safety population). 
Safety and tolerability
Adverse events (AE) reported during each study period are summarized in Table 3 . During open-label NKTR-181 titration, 803 patients (67.5%) reported at least 1 AE, most commonly constipation (35.7%), nausea (14.8%), or somnolence (9.0%). During titration, 151 patients (12.7%) discontinued because of AEs; the most common AEs were nausea (3.0%), constipation (2.1%), and somnolence (1.7%). During titration, 9 patients (0.8%) had a total of 11 serious AEs, which were generally unrelated to NKTR-181. Of the 11 serious AEs, 2 were reported as related to the study drug by the investigator but were then deemed unrelated by the sponsor due to confounding variables related to concomitant medications. These were angioedema confounded by the patient's use of tadalafil and left superior vision loss confounded by the patient's use of lisinopril. There was no relationship observed between adverse events and dose level (supplementary Table 2 , available at http://links.lww.com/PAIN/A754). During double-blind, randomized treatment, 168 patients (54.4%) in the NKTR-181 group and 150 patients (49.8%) in the placebo group reported at least 1 AE. In the NKTR-181 group, the most common AEs were nausea (10.4%, compared with 6.0% for placebo), constipation (8.7% vs 3.0%), and vomiting (4.9% vs 1.7%). Central nervous system-related AEs, such as dizziness (2.3% vs 0.3%) and somnolence (2.6% vs 0.3%), occurred relatively infrequently in both NKTR-181 and placebo groups, respectively. Twenty-six patients (8.4%) in the NKTR-181 group and 9 patients (3.0%) in the placebo group discontinued because of AEs. In the NKTR-181 group, the most common of these events were constipation and vomiting, as well as drug-withdrawal syndrome. The only severe Table 2 Summary of secondary efficacy and safety measures at week 12 (except as noted). Table 3 Adverse events by study period and treatment group (safety population). or serious AE reported in more than one patient per treatment group was drug-withdrawal syndrome, reported as a severe AE in 2 patients on NKTR-181 and no patients on placebo. Throughout the study, COWS, Subjective Opiate Withdrawal Scale, and MADDERS findings for NKTR-181 showed a low potential for opioid withdrawal and an incidence of abuse or misuse events closely resembling that for placebo. Detailed results are to be reported in separate publications.
Discussion
In SUMMIT-07, an enriched-enrollment, double-blind, randomizedwithdrawal study of adults with moderate-to-severe CLBP refractory to nonopioid analgesics, treatment with NKTR-181 was associated with significant maintenance in the reduction of average weekly pain scores during the 12 weeks of double-blind treatment when compared with placebo. A significantly larger proportion of patients in the NKTR-181 group met responder criteria (30% and 50% reduction in pretreatment pain score; patient-rated global improvement) compared with placebo. The study was powered to evaluate patients treated with NKTR-181 compared with placebo, and efficacy assessments at the individual lower dose levels were not meaningful due to the study design. In addition, NKTR-181 was associated with significant improvement in multiple facets of sleep (eg, sleep initiation, maintenance, quantity, somnolence, adequacy, and respiratory impairments). Disturbed sleep has a major impact on quality of life and is often a common accompanying symptom of CLBP. The Roland-Morris Disability Questionnaire is a tool used to quantify the impact of low-back pain on a subject's ability to perform daily activities, change in the RMDQ total score at week 12 trended towards favoring NKTR-181 over placebo, but did not show statistical significance at a significance level of 0.05 (P 5 0.061). Patients taking analgesics tend to prioritize pain relief over functional gains. 17 Patientreported outcomes reported in PGIC reflected the improvement in the quality of life of subjects with CLBP.
In a recent double-blind, crossover Human Abuse Potential study in recreational opioid users, the same NKTR-181 dose range administered in SUMMIT-07 (100-400 mg) showed significantly lower mean drug-liking E max scores (primary endpoint) than 40-mg oxycodone, with a slower onset and shorter duration. Drug-liking scores for oxycodone increased rapidly within 15 minutes and peaked at approximately 1 hour after dose, whereas drug liking for all doses of NKTR-181 was comparable with placebo. 38 Throughout SUMMIT-07, NKTR-181 exhibited a favorable safety profile and was generally well tolerated. Central nervous system-related AEs commonly associated with opioids were reported infrequently during double-blind treatment with NKTR-181 (eg, dizziness and somnolence) with rates comparable with or lower than those for drugs such as extended-release oxycodone in enriched-enrollment, double-blind, randomizedwithdrawal studies. 20, 23, 25 Efficacy assessments in the SUMMIT-07 trial were limited to 12 weeks. Hence, this study's findings do not directly address the longterm treatment of patients with moderate-to-severe CLBP, a population likely to require analgesia for many years. 13 Also, opioids have been shown to be effective in other pain conditions including neuropathic pain 27 ; however, these conditions were not included in this study because the goal of this pivotal phase 3 trial was to evaluate NKTR-181's efficacy in a specific pain condition. Future research may investigate the efficacy of NKT-181 in CLBP syndromes with neuropathic clinical features. Patients who completed the trial were allowed to enter an extension trial, still in progress, of open-label NKTR-181 treatment for up to 52 weeks (ClinicalTrials.gov number NCT02367820). In contrast to patients with CLBP encountered in clinical practice, this study's randomized population consisted entirely of patients achieving an effective, tolerable NKTR-181 dosage at the time of randomization. Importantly, the randomized population also comprised patients with significant refractory pain, as indicated by a mean pain duration of 13.1 years and a mean pain score, preceding their NKTR-181 treatment, of 6.8.
This study has several limitations that must be acknowledged. The main purpose of an EERW study design is to evaluate the magnitude of the true treatment effect in subjects that can tolerate a drug once they endorse relief following an initial, openlabel period of exposure. Clinicians treating patients with CLBP are keenly interested in understanding the extent of pain relief in the subgroup of patients who can tolerate and choose to continue a given course of therapy. Consequently, confirmation that an initial perceived benefit in subjects who find a therapy tolerable is due to specific drug effects is a vital clinical question, one this study design helps to answer. However, it is important to note that the opioid analgesic effect observed in the randomized phase of an EERW study such as this one is not directly comparable with a traditional study with a prospective, parallel design. The generalizability of the efficacy results is diminished because the double-blind phase includes only patients who could tolerate the study drug and endorsed a prespecified threshold of relief in the open-label phase. In addition, to facilitate the conduct of the study, potential subjects were excluded if they had significant risk factors for aberrant drug-taking behavior. Therefore, the safety profile as observed in this study with respect to aberrant drug-taking behavior cannot be extrapolated to patients at higher risk of substance use disorder.
In recent years, the FDA has encouraged the development of abuse-deterrent formulations of opioid analgesics. 2 To date, only formulations of "legacy" opioids using physical/chemical barriers or agonist/antagonist combinations as abuse-deterrent strategies have been approved. The use of these agents has been advocated as a way to impede drug tampering; however, most of the current strategies for abuse deterrence can be circumvented and have not succeeded in addressing the escalating opioid epidemic. 4 Efforts to convert NKTR-181 into a more active mu-opioid receptor agonist or one that crosses the BBB at a faster rate using known chemical or physical methods have been unsuccessful. 19 In summary, NKTR-181 provides effective analgesia in patients with moderate-to-severe CLBP, with low rate of CNS side effects.
